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Abstract. Global satellite observations of ozone and carbon monofata the
Microwave Limb Sounder (MLS) on the EOS Aura spacecraft aseussed with emphasis
on those observations in the 215-100 hPa region (the uppeodphere and lower
stratosphere). The precision, resolution and accurachefiata produced by the MLS
‘version 2.2’ processing algorithms are discussed and tifiech Oz accuracy is estimated
at ~40 ppbw-5% (~20 ppbw-20% at 215 hPa) while the CO accuracy is estimated at
~30 ppbw-30% for pressures of 147 hPa and less. Comparisons with &tjmets and
other observations show good agreements for th@i©duct, generally consistent with the
systematic errors quoted above. In the case of CO, a persiatgor of~2 high bias is seen at
215 hPa. However, the morphology is shown to be realistiesistent with raw MLS radiance
data, and useful for scientific study. The MLS CO data at higitgéudes are shown to be

consistent with other observations.
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1. Introduction

Ozone and carbon monoxide play important and distinct rioléise upper troposphere.
Upper tropospheric ozone is a potent and poorly understosehinouse gadritergovernmen-
tal Panel on Climate Chang®001] whose abundance, ranging from tens to a few hundred
parts per billion (ppbv), is influenced by a variety of fagtancluding the abundance of
precursor HQ and NQ, species and influx of ozone rich air from the lower stratosphe
Rapid transport of boundary layer air to the upper troposplg deep convection has a
significant affect on ozone through transport of precurpecges Prather and Jacop1997].
Carbon monoxide is a byproduct of combustion, both naturdlanthropogenic, and is one of
the main sinks of tropospheric OHdcoh 1999], the main atmospheric oxidant. Its relatively
long (~2 month) photochemical lifetime makes it a useful tracertof@pheric motions,
particularly of the long-range transport of polluted ailgeStohl et al, 2002;Liu et al,, 2003].

The Microwave Limb Sounder (MLS)Waters et al. 2006] on the Aura spacecraft
[Schoeberl et al.2006b], launched on 15 July 2004, observes thermal micrewenb
emission from many molecules including @nd CO. This paper describes MLS @d CO
data in the upper troposphere and lower stratosphere (UTHr8adly defined here as the
region from~300—- 100 hPa. With the exception of section 3.3, all the MLta dascribed in
this paper are those produced by version 2.2 of the data ggowpalgorithms.

Validation of the CO observations at higher altitudes i€dssed byPumphrey et al.
[2007]. The MLS ozone product is also described in two congrapapers in this issue.

Froidevaux et al[2007] focus on observations in the stratosphere and masospwhile
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Jiang et al.[2007] describe comparisons of MLSz@ata with sonde and ground-based
observations, including in the altitude region discussetthis paper.

Section 2 describes the relevant aspects of the MLS instiuared data processing
strategy, gives rules on appropriate screening for the T, and CO data, and quantifies
their typical precision, expected accuracy and spatialmi®n. Section 3 describes some
‘zero order’ validation of these data including comparisenth non-coincident observations.
Section 4 focuses on comparisons between MLS data and sar@mlocated aircraft based
observations. Finally, section 5 summarizes all theserfggliand outlines plans for further

validation and future versions of the MLS products.

2. MLS UT/LS O3 and CO observations
2.1. MLS instrument operations and data description

MLS observes thermal microwave emission from the Eartiviblin five spectral regions
from 118 GHz to 2.5 THz. The £and CO standard products described in this paper are taken
from observations in the 230—-250 GHz spectral range. ML&ddorward from the Aura
spacecraft and scans the Earth’s limb vertically from treugd to~90 km every 24.7 s.

This paper describes MLS ‘Level 2’ data, which are geoplalgicoducts reported along
the measurement track of the instrument. These are retriewen calibrated MLS radiance
observations (‘Level 1 data’) by the MLS Level 2 data proaggsoftware Livesey et al.

2006]. The MLS @ and CO products are reported on a fixed vertical pressurehgsrthg

6 levels per decade change in pressure in the troposphergatosphere, evenly spaced in
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log, o pressure starting at 1000 hPa (thinning out to 3 per decaatessures less than 0.1 hPa).
These profiles are evenly spaced af jkeat circle angle (geodetic) along the orbit track. This
gives 240 Level 2 profiles per orbit at fixed latitudes, syodized to the MLS vertical scans.
The MLS Level 2 products are reported in Level 2 GeophysicatiBct (L2GP) data
files. Individual files describe one MLS ‘standard produ€@3( CO, H0 etc.) for a 24
hour period from midnight to midnight universal time. The&R files store the data in an
HDF-EOS version 5 ‘swath’ format. The ozone files containitoldal swaths giving the
estimated column ozone amount above the tropopdtrsélpvaux et al.2007]. The MLS
Version 2.2 data quality documerttiyesey et al.2007] gives more information on the format

and contents of the MLS data files.

2.2. Proper use of MLS UT/LS Q; and CO data

In addition to describing file formats and contents, the daftality documentlivesey
et al, 2007] also gives detailed instructions on the proper ussl®flLS data products. The
pertinent information for MLS UT/LS CO and{Js repeated here.

Each MLS Level 2 data point is reported with a correspondiregigion value. This
guantifies the impact MLS radiance noise and (particularigegions of lower measurement
sensitivity) the contribution of a priori information. The issues are discussed in more detail
in section 2.4. As an aid to users, the precisions are setgative values in situations where
the retrieved uncertainty is larger than 50% of a priori uteiaty, indicating that MLS
contributed little information to these data and that thegudd not be used in scientific study.

Three additional data quality metrics are provided for elitts profile. ‘Status’ is
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an integer bit field indicating where profiles are not to bedyse may be suspect due to
instrumental and/or retrieval issues. Odd values denaiilgs that should never be used.
Non-zero, even values indicate situations where care maywebded, typically where the
retrieval algorithm detected strong cloud signatures meoadiances and chose to discard
those radiances. The impact of this on MLS data varies wigtigs and height. Such profiles
are typically suitable for scientific use, though they areally reported with poorer precision
due to the fewer number of radiances used in their retrieNate that this is a change from
v1.5, where such profiles were to be ignored in the UT/LS. Mimtails on the ‘Status’ field
are given in the data quality document. The ‘Quality’ fieldeg a measure of the fit achieved
to the measured MLS radiances by the retrieval (larger nusnibgply better fits).

The MLS data processing algorithms simultaneously regrieultiple (~10) MLS
profiles in 15 orbit sections known colloquially as ‘chunks’. The ‘Congence’ diagnostic
compares the fit achieved across an entire ‘chunk’ to tha@ebep by the retrieval algorithms.
Values in the range 1.0—1.1 indicate excellent convergence

MLS v2.2 CO and @data in the range 215 hPa to 100 hPa should only be used when:

1. The precision value for that data point is positive

2. ‘Status’ for that profile is an even number (this differsrr the rules for v1.5 data)

3. The ‘Quality’ field for that profile is greater than 1.2 (eahis is stricter than the

stratospheric and mesospheric thresholds of 0.4 fpa@ 0.2 for CO.)

4. ‘Convergence’ is less than 1.8.
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The MLS v2.2 Q and CO data are retrieved over the range 316 —0.00046 hPaillAgw
shown later, the v2.2 £and CO data at 316 hPa are not considered useful for sciesttifiky,
and only data in the range 215-0.0022 hPa should be useé#r(sdevaux et al[2007] and

Pumphrey et al[2007] for discssion of upper altitude limits).

2.3. Signature of UT/LS G; and CO in MLS radiances

Figure 1 shows typical MLS radiance observations in the 24@ €gion of the spectrum,
from which the UT/LS @ and CO products are derived. All of the strong spectral festu
are due to emission from{Jines, with the exception of the feature-a234.0 GHz in the
lower sideband from &0 emission. The CO spectral line isa230.5 GHz in the lower
sideband and has-al K typical amplitude in the upper troposphere. The smaliuiess
in this region seen at the higher tangent altitudes (e.d.line) are due to strong emission
from mesospheric CO. The UT/LSzGnformation derives from the broad spectral contrast
across the spectral region, mainly seen by three of the feuge’ channels, namely those at
~244.5 GHz~246.8 GHz and-247.5 GHz upper sideband frequency.

The MLS CO and @data are retrieved using an optimal estimation approRdufers
2000;Livesey et al.2006] from these 240 GHz radiances, along with observatajrihe
118 GHz Q line for additional pointing information. In addition tog@&nd CO, this retrieval
also produces estimates for HYGO,, temperature, geopotential height and tangent pressure
(along with spectrally flat ‘extinction’ terms). The lowean of Figure 1 shows the average
fit achieved to measured radiances. The scatter about thessgas (not shown) is generally

consistent with the levels of noise seen in the radiancespatd be expected and desired.
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The fits in the CO region are generally withi¥D.2 K, while the broad spectral structure, away
from strong stratospheric features, is generally fittedhimita few tenths of a Kelvin.

Although MLS observations are unaffected by thin cirrusuds or stratospheric aerosols,
thick clouds associated with deep convection can impadwvih® radiances. Emission and
scattering from thick high altitude<{(~200 hPa) clouds enhances the MLS radiance signals,
while scattering by lower altitude thick clouds suppresseiances. Such signatures are
generally spectrally flat. However, large amounts of scaiefrom the thickest clouds can
attenuate the spectral variations in MLS radiances on wtiielcomposition measurements
are based. The MLS data processing algorithms retrieve @rafig flat ‘extinction’ term
to compensate for scattering by moderate clouds. When fwitdms detect particularly
thick clouds that may significantly affect the spectral cast, radiances from individual 1/6 s

integration periods are omitted from the retrieval (notethie ‘Status’ flag).

2.4. Precision, scatter and spatial resolution -
"

Each point in the retrieved MLS profiles is accompanied by stimeated ‘precision’
field, taken from the diagonal elements of the solution cevere matrix Livesey et al.
2006]. This mainly reflects the contributions of radiancésado the MLS measurements.
In regions where MLS is less sensitive, the uncertainty enalpriori values used as virtual
measurements begins to dominate the reported precisigard-2 summarizes the reported
precision seen in MLS UT/LS ©and CO measurements on 17 September 2004 in tt® 30
to 30°N region, typical of all these data (although the reportedlU$TO; precision in winter

polar regions is~20-40% poorer). The root mean square average of the estimpegeision
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(solid lines) for Q in the UT/LS is 20—40 ppbv, with-15—40 ppbv estimated for CO.
Because the relationship between MLS radiances and UTA&@ CO mixing ratios is close
to linear, the precision on the retrieved mixing ratios idapendent of abundance.

It is useful to compare these precision estimates to theabstatter seen in MLS data
(broken lines). In cases where atmospheric variabilitygeeted to be low compared to the
MLS precision, this scatter will be comparable to the estedgrecision (typically a little
less, due to the influence of smoothing on the MLS retrievaisiflevaux et al.2006]), as is
seen here for CO in the mid-stratosphere. For the UT/LS COGywabservations, the scatter
is generally larger than the estimated precision, imphgigmificant atmospheric variability
and/or contributions from other sources of random erronttzaiance noise.

The MLS retrieval algorithms operate in a two dimensionahmex, retrieving multiple
profiles along the track based on information from multipéetical limb scansllivesey and
Read 2000;Livesey et al.2006]. This approach allows for the direct modeling of timpact
of gradients along the forward-looking MLS line-of-sightyd for rigorous quantification of
the horizontal resolution in that direction. As with most@ete sounding measurements, the
resolution of the retrieved data can be describing usingraging Kernels’iRodgers2000].
The two-dimensional nature of the MLS retrieval system ns¢hat these kernels describe
both vertical and horizontal resolution. Figures 3 and Askhertical and horizontal aspects
of the averaging kernels for tropical retrievals of UT/LG &hd CO respectively. Orbital and
seasonal variations in the averaging kernels are smallthankiernels shown are representative
of all the data. The vertical resolution of UT/LS(as defined by the width of the kernels, is

~2.5km (essentially the same as the vertical spacing of tinieveal surfaces), while the CO
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data have poorer4 km vertical resolution. For example, the 215 hPa MLS CO eslderive
~35% of their information from the atmospheric state at 14&8.hPhe 316 hPa CO kernel
has an unusual shape, indicating that these retrievals are sensitive to CO at 215 hPa than
316 hPa, and show anti-correlations with CO at higher al&tu

In the along-track horizontal direction, thes@roduct has single-profile resolution
(~165km) at pressures of 100 hPa and less, with resolutiorictos-350 km at greater
pressures. The along-track resolution of the CO obsemsti®~500—-600 km. The
cross-track horizontal resolution for both products is miedi by the horizontal width of the

MLS field of view, which, for the 240 GHz radiometer that measuQ; and CO, is~6 km.

2.5. Quantification of systematic uncertainties

2.5.1. Approach

A major component of the validation of MLS data is the quacdiion of the
various sources of systematic uncertainty. These can fnaseinstrumental issues (e.g.,
radiometric calibration, field of view characterizatiospectroscopic uncertainty, and through
approximations in the retrieval formulation. This sectsarmmarizes the relevant results of a
comprehensive quantification of these uncertainties opeéd for all MLS products. More
information on this assessment is given in Appendix ARefd et al[2007].

For each identified source of systematic uncertainty, ifsaot on MLS measurements of
radiance (or pointing where appropriate) has been quanhtiinel modeled. These modeled
impacts correspond to either®estimates of uncertainties in the relevant parameter(s), o

an estimate of their maximum reasonable error(s) basedstrument knowledge and/or
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design requirements. The impact of these perturbationgimieved MLS products has been
guantified for each uncertainty source by one of two methods.

In the first method, sets of modeled errors correspondingégbssible magnitude
of each uncertainty have been applied to simulated MLS efoelradiances (based on a
model atmosphere) for a whole day of MLS observations. Tkeseof perturbed radiances
have then been run through the routine MLS data processguyitims, and the comparison
between these runs and the results of the ‘unperturbed’ sad to quantify the systematic
uncertainty in each case. The impact of the perturbationss/érom product to product and
among uncertainty sources. In some cases, the perturdatida mainly to an additive bias
in the product; in others, some multiplicative bias may keouced. In most cases, some
additional scatter is also introduced into the data.

Although the term ‘systematic uncertainty’ is often asat@il with consistent biases
and/or scaling errors, many sources of ‘systematic’ emahe MLS measurement system
give rise to additional scatter. For example, an error inGgspectroscopy, while being a bias
on the fundamental parameter, will have an impact on théexeils of species with weaker
signals (e.g., CO) that varies according to morphology witetpheric Q. The extent to which
such terms can be expected to average down is estimated turdies by these ‘full up studies’
through their separate consideration of the bias and satd uncertainty source introduce

The difference between the retrieved product in the unpeedirun and the original
‘true’ model atmosphere is taken as a measure of uncesgaidtie to retrieval formulation and
numerics. The potential impact of some remaining (typycathall) uncertainties has been

guantified through analytic calculation based on simplifremtiels of the MLS measurement
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system Read et al.2007]. These calculations provide only an estimate of th&sible

multiplicative error introduced, with no bias or scatteagtification.

2.5.2. Results

Figures 5 and 6 summarize the results of this quantificaborUfTLS O; and CO,
respectively. These show the magnitudes of expected hiaddgional scatters and possible
scaling uncertainties the various errors may introduce ihé data, and should be interpreted
as 2o estimates of their likely magnitude.

The contribution of clouds to systematic uncertainty agglnly to regions of thick
cloud, and has been quantified by adding the effects of sicagtieom a representative cloud
field to the simulated radiances. Retrievals based on ttesances (including the cloud
radiance screening approach outlined in section 2.3) haga bompared to the unperturbed
results. The bias and scatter shown are based on consoteaditbnly the cloudy profiles (as
defined by the known amount of cloud in the ‘true’ fields). le tase of UT/LS @ this study
indicates a possible cloud-induced bias-of-5 ppbv with an additional scatter ef +40 ppbv
at 215 hPa (less at smaller pressures). The correspondpagiron CO at 215 hPa is a bias of
~ +15 ppbv with an additional scatter efl5 ppbv, with smaller impacts at lesser pressures.
Both products show much larger cloud impacts (50 — 80 ppv3 16 hPa data.

The retrieval formulation uncertainty (grey lines) maimgflect the difference between
the retrieval of unperturbed simulated radiances and the tnodel atmosphere. In the case
of CO, a positive bias 0f30+10 ppbv is seen at 215 hPa, thought mainly to be due to the

modeling of spectrally flat ‘extinction’ terms. This biaglilsely to directly apply also to real
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MLS observations. The large bias and scatter this errorcgomtroduces into the 316 hPg O
data make it unlikely to be useful for scientific study.

Of the remaining uncertainty sources, those related totipginssues (red), and MLS
radiometric calibration (cyan) are the most significanthwiontaminating species (blue)
also being important for CO. Pointing uncertainties arigenf uncertainty in the width of
the O lines used to determine limb tangent pressure, and in theakoffsets between
the fields-of-view of the MLS 118 and 240-GHz receivers. Thamtomponent of the
uncertainties associated with radiometric calibratioigioate from the spectral signature
introduced in calibrated MLS radiances by departures frdmear response within the signal
chains. In addition, standing waves within the MLS instratr@ntribute significantly to the
systematic uncertainty in the 316 hPa CO datad&ta at this altitude are less affected).

Overall, this study indicates a potential bias of upt®5 ppbv for G at 147 and 215 hPa,
with an additional scatter of +£50 ppbv. For 100 hPa, the bias and scatter~are50 ppbv
each. Possible multiplicative errors in UT/LS @re 10% at 215 hPa and 5% at smaller
pressures. In the case of CO, there are potential biasesigiilp+40, +30, and+20 ppbv at
215, 147 and 100 hPa, respectively, with a scatter a6f10 ppbv. Possible scaling errors in the
UT/LS CO product are around 30%. In scientific studies thesamry quoted for each MLS
data point should be the estimated bias plus the multiplie&tror times the retrieved value.
These findings are summarized, along with precision andutsn information in Table 1. In
some cases, the estimated accuracy quoted is based on wnpavith observations shown

later in this paper, rather than on the expectations frosgtidy.
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3. ‘Zero order’ validation of MLS UT/LS O 3/CO

3.1. Overview and comparisons with expectations -
" °

Figure 7 shows zonal means 80 days of MLS v2.2 @and CO data (distributed
roughly evenly among years and seasons). The generallycegstructure is seen for
O3, with larger abundances seen in or closer to the stratospltmwever, the 316 hPazO
values (not recommended for scientific use) show an uneggegxtak in the tropics. The
CO also shows expected morphology with low stratosphetimdances and generally larger
values lower in the atmosphere. However, the absolute sappear too high compared to
expectations at 215 and 316 hPa (in situ observations itedibat, while abundances above
150 ppbv at these altitudes are possible, average valuesaeetypically 50— 100 ppbv).

Figure 8 compares these zonal means (and standard desjebatata from the MOZAIC
commercial aircraft datasetarenco et al. 1998; Thouret et al. 1998;Néecklec et al, 2003;
Nedelec et a).2005]. MOZAIC observations rarely extend to pressuresligmidan 200 hPa.
There is encouraging agreement between MLgSa@d MOZAIC observations at 215 hPa.
However, MLS CO data at these altitudes exhibit a high biaspared to MOZAIC. MLS CO
data at 316 hPa also show a high bias and more latitudinaitsteuthan is seen by MOZAIC,
while the 316 hPa MLS ©data show very little relationship to MOZAIC and generalgry
unexpected behavior. In all these comparisons, the stromgiasis of mid-latitude northern
hemisphere observations in the MOZAIC dataset should beeiormind.

MLS radiance observations in the upper troposphere in tBeg3Hz region are dominated

by emission from @. The poor quality of the v2.2 MLS 316 hPa@nplies an inability
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of the retrievals to correctly interpret the radiances rmeas at tangent pressures from
~250-316 hPa. This in turn implies that the 316 hPa MLS uppgraspheric CO data is
unlikely to be of sufficient quality for scientific use, detgphaving more reasonable latitudinal
variations than @ (though with a clear high bias). The same inference apphi¢ise 316 hPa
MLS HNO3 observations$antee et a].2007].

The combination of this inference with the results of thetsystic error study in
section 2.5 and the unusual form of the 316 hPa CO averagimglksee Figure 4) lead to the
conclusion that version 2.2{and CO at 316 hPa are not suitable for scientific use.

Figure 9 shows histograms of MLS UT/LS;@nd CO observations from40 days of
observations. The screening by ‘Quality’ and ‘Convergedescribed in section 2.2 discards
some unrealistically small (often negative) values gfgdd CO at 215 hPa in the tropics.
These poor retrievals probably reflect poorly modeled clsigdatures in the MLS radiances.
The O; histograms clearly show the influence of stratospherictdmigh and mid-latitudes.
While generally good agreement is seen between MLS and MGZ®, the CO histograms
show the MLS data to be generally high compared to MOZAIChwitgenerally larger
dynamic range of values. In the mid-latitudes around 215Pare the bulk of the MOZAIC
data were taken) a significant fraction of the CO observatindicate abundances larger than
150 ppbv. The MLS histogram in this region shows a somewlnaitai tail, albeit with a clear
bias towards higher values. The fact that a similar tail issg@n in MOZAIC data at 215 hPa
in the tropics (a region where convective transport of geliLair is likely to be more frequent)

may simply reflect the highly sparse nature of MOZAIC obsBores at these latitudes.
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3.2. Validity of MLS CO morphology

The high bias in v2.2 215hPa MLS CO data indicate that the hwqgy, while
reasonable, needs specific validation. Quantification®f® signature in raw MLS radiance
measurements is one way to gain confidence. The 240 GHz rebpserved by MLS is
dominated by emission from ozone, along with dry air and wedgor continua. The-1 K
brightness temperature CO feature is small compared te thigsatures, and can only be
discerned after these other contributions are charaekand removed.

Here, we repeat the analysis performed-ilipiak et al. [2005] (for a different time
period) and extend it to consider MLS CO observations at Z&b MLS v2.2 CO observations
for 17—-19 September 2004 are shown in the upper half of FijQreClear enhancements in
CO at 147 and 215 hPa are seen over central Africa and soutts@r(region A), and also
off the west coast of central America. Our analysis considiéLS radiance observations in
this period from band 9 (the CO band). The continuum contigims can be largely removed
by subtracting the signal seen in a nearby window region (Ma8d 33 channel 3). The
remaining dependence of the band 9 signal on ozone can beagsti from the behavior of the
MLS radiances in the 2% - 25N, 150E — 150W region (region B in Figure 10), where MLS
reports lower abundances of CO with little significant maralgy. In this region, the band 9
radiances show very good correlation with those in chanbelfband 7, a channel sensitive to
UT/LS Oz but insensitive to CO abundances and only weakly sensiiggratospheric ozone
(correlation coefficients are generally greater than 0e86gept for channels closer to the CO

line center, which are more strongly affected by mesospl@@ signatures). Accordingly, a



307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

17

least-squares linear fit between each band 9 channel andrbarahnel 25 in this region can
be used to deduce and subtract the band 9 ozone signatuteirregions.
Figure 11 compares average MLS radiance observations iong@ and B and shows
that the difference between these, once the continuum asteadgnatures are removed, has
a clear CO signature (departure at the low frequency endagda@@; signatures). A simple
metric of CO abundance can be defined as the average radiatitis signature seen in
channels 1-7 and 16 —21 (channels 8 — 15 are affected by stroisgion from mesospheric
CO, while channels 22-25 are strongly affected by ozoneg I[dtver half of Figure 10
shows a map of this metric at 147 and 215 hPa for comparisdntivit CO maps in the upper
half of the same figure. The overall morphology in this metaenpares well with that seen in
the v2.2 MLS CO data. The fitting of thes@ignature based on tropical radiances (region B)
is not generally applicable to other latitudes due to déffexes introduced from changes in
stratospheric ozone and the contributions of the moist apahinl continua. This metric is

therefore only applicable to tropical areas.

3.3. Comparison with MLS v1.5 data

This paper describes MLS UT/LSs@nd CO data produced by version 2.2 of the MLS
data processing algorithms. The previous version of ML&,d&t.5, has been produced for
the majority of days from August 2004 to the end of Februar§Z2@nd has been used in
a large number of scientific studies. Version 1.5 CO data lfi@aweed the basis of several
scientific papers, including the discovery of a ‘tape reeordignal [Schoeberl et a].2006a],

a study of transport paths into the stratosph&redt al, 2005], quantification of the influence
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of convection on upper tropospheric compositiéolkins et al, 2006], and the trapping of
polluted air in the upper troposphets et al., 2005].

The main difference between the v1.5 and v2.2 UT/L$Sa@d CO data is a dramatic
reduction of the ‘spikes’ seen in the v1.5 data due to the anhphthick clouds on the MLS

radiances. This was achieved by using an atmospheric éxtinerm rather than a radiance

baseline term to retrieve the spectrally broad signaturetoads [Livesey et al.2006]. Figure 12.

Figures 12 and 13 compare 1 May 2006 v1.5 and v2.2 data for T4 and CO, Figure 13.

respectively. @ shows generally good agreement between the two versions.CTh by
contrast, is markedly improved in v2.2 over the earlier virdduct. Radiance signatures

of thick clouds led to very high anomalous values of CO in yinany of which were not
identified as suspect by the retrieval algorithms. In v2etehare far fewer anomalous values
and very few clearly unrealistic values not identified as bgdhe retrieval. While v1.5
reported very high values of CO in cases of cloud contanonatri2.2 generally reports low
or negative values (somewhat similar behavior is seen irOdhproduct). V2.2 CO data
show smaller difference between the tropics and mid-ldésuat 147 hPa than is seen in v1.5,
bringing the data into better agreement with models suchE@&CHEM Bey et al, 2001].
The underlying high bias in v2.2 215 hPa CO was apparent aldeeiv1.5 data, where it was

exacerbated by the anomalously large values associatedimiéported cloud contamination.

4. Comparisons with other observations

The validation of Aura observations has been the focus, igbéocus, of several aircraft

campaigns since the Aura launch. The Polar Aura Validatiopeliment (PAVE) during
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January/February 2005 consisted of multiple flights of t#&K DC-8 to high latitudes over
North America. Measurements from this campaign includéicarprofiles of ozone above
and below the aircraft from Light Detection and Ranging (RR) instruments and in-situ
observations of both £and CO. The April/May 2006 Intercontinental Chemical Tiaors
Experiment (INTEX-B) campaign made similar observaticaim@ng many others) from the
same aircraft in the Northern Pacific (generally at lowetwades). The Houston deployments
of the Aura Validation Experiment (AVE) in October/Novemi2004 and January/February
2005 and the Costa-Rica AVE (CR-AVE) deployment in March @@@ovided in-situ
measurements of several MLS species, includigga@d CO from the NASA high-altitude
WB-57 aircraft in the tropical upper troposphere and loweatssphere.

Comparisons with data from other satellite sensors aremssible in the UT/LS region.
Froidevaux et al[2007] compares MLS v2.2 §£xata with observations from the Stratospheric
Aerosol and Gas Experiment (SAGE) instruments. Simild&lymphrey et al[l2007] compare

MLS v2.2 CO data with observations from the Canadian ACEllgate

4.1. Comparisons with airborne LIDAR O3 data

During the PAVE and INTEX-B campaigns, the DC-8 payload uneld two LIDAR
instruments measuring ozone. The Differential Absorptiatar (DIAL) instrument Browell
et al, 1990, 1998] observes ozone above and below the aircraile wie Airborne Raman
Ozone, Temperature and Aerosol LIDAR (AROTAL) looks onlyngyds McGee et al.1993,
and references therein]. The AROTAL and DIAL observationsry PAVE were focused on

validation of stratospheric ozone, and are discussddadidevaux et al[2007]. This paper
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considers the DIAL measurements of Quring INTEX-B.

The DIAL lidar data also include in situ observations frone FASTOZ instrument
[Pearson and Steadmah980;Eastman and Steadmah977] and interpolation to fill in
data for the regions immediately above and below the airondfere the LIDAR provides
no information. For those portions of the INTEX-B flights theere along the MLS track,
the DC-8 was generally flying around 200 hPa. Accordinglg, FASTOZ data contributes
significantly to combined LIDAR / in-situ dataset used indbeomparisons.

In making these comparisons, it is important to bear in mivat MLS data do not
represent ‘layer means’, rather they define piecewiseatipeofiles in pressure that best match
the observed radianceRé¢ad et al.2006]. This piecewise linear representation also applies
in the along-track direction. Accordingly, the most apptage manner in which to compare
MLS data to high resolution LIDAR measurements is to perfarfeast-squares fit of the
LIDAR data onto the MLS ‘grid points’llivesey et al.2006]. We have applied such a fit to
all the combined DIAL/FASTOZ observations coincident wiiL.S measurements, (care was
taken to avoid situations where the fit effectively resuitedxtrapolation).

Figure 14 shows a comparison of MLS observations with theltesf this fit for all the
INTEX-B DIAL coincidences (corresponding flight tracks afeown in right hand column of
Figure 20). Good agreement is seen for the high values atR4brmainly corresponding to
stratospheric observations from the 7 May, 2006 flight. Tdme@ment of the few useful points
at 147 hPa is somewhat encouraging but far from definitive Sttong vertical gradient in
in this region, in combination with proximity to the uppetialde limit of the DIAL data, can

lead to additional ambiguities associated with the extiatpm introduced by the least-squares
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fitting. The large scatter generally seen in these compasisompared to the MLS error
bars may reflect atmospheric variability seen by MLS but ragtored by the aircraft. This
includes variations across the MLS line of sight (i.e., peqticular to the DC-8 flight track)
and unsampled variability at the altitudes where the DC4& depresents in interpolation

between the DIAL lidar and the FASTOZ in-situ measurements. Figure 14.

4.2. Comparisons with in-situ aircraft data

4.2.1. WB-57 Ozone comparisons Figure 15.

The WB-57 flights during the various AVE campaigns providedesal opportunities for
comparisons of MLS UT/LS @and CO with in situ observations. While the least-squares
fit approach used to map LIDAR observations to the MLS gridapligable to in situ
observations, such fits are very unstable, because of thieespature of the aircraft
observations. Instead, for all in situ comparisons consi&ere, we simply compare the
MLS data to the average (in mixing ratio space) of all the to diata points that fall within
a 6/decade vertical, 1°§reat circle angle “box” centered on the MLS point. Pointseweh
the aircraft departed from the MLS measurement track by rtiwaa 100 km or 24 hours
were discarded. A summary of all the comparisons of MLS witbA\ O3 WB-57 data is
shown in Figure 15, along with summary statistics for eatituale. Flight tracks for all these
comparisons are given in Figure 18.

In addition to the usual linear fitting metrics (correlatiooefficient, gradient and
intercept) we have also computgd statistics for each of these comparisons. These factor

in the uncertainty on both the MLS and aircraft data in qugimg ‘goodness of fit'. The
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‘uncertainty’ ascribed to the aircraft data (x-axis errardin the figures) arises not from the
raw data themselves, but from trying to compare collectimingoint measurements to the
average over the’500x4x 6 km volume observed by MLS. The extent to which the multiple
aircraft observations within a “box” are representativete average mixing ratio in that box
is hard to quantify, as the amount of atmospheric varighilithin the box is not completely
captured. Simply considering the standard deviation ofrilsttu data within each box would
lend undue weight to those cases where the aircraft samplgdacsmall fraction of the

box. Instead, we have approximated an uncertainty due $ceffect as the largest standard
deviation (i.e., variability) seen by the aircraft withinyaof the boxes at a given pressure level
for a given flight. For each fit, we show th@ statistics, normalized by the number of degrees
of freedom, such that values around unity indicate good fitdeAtarger numbers indicate

poor agreement.

4.2.2. WB-57 and DC-8 CO comparisons Figure 16.

The WB-57 payload also included the Argus and ‘Aircraft Lralsdrared Absorption | Figure 17.

Spectrometer’ (ALIAS) Webster et a).1994] instruments, which provided CO observations 94" 18.

Figure 19.
The PAVE and INTEX-B DC-8 missions included CO observatifrosn the Differential

Figure 20.
Absorption CO Measurements (DACOM) instrument. Figuresl®and 19 summatrize these

in the same manner as Figure 15, with flight tracks shown inrféig 18 and 20.
Unlike for Oz, the observed variability in UT/LS CO is small compared te /20 ppbv
precision on individual MLS data points. This makes it harditaw definitive conclusions

from the in situ comparisons. Many of the Argus and ALIAS ca@mgons at 147 hPa lie
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within 1-o of the one-to-one line, with the majority within@- The largest differences
(50—-100 ppbv) are seen in the 215 hPa comparisons. At thigselas, MLS also consistently
reports values-50—100 ppbv higher than are seen by DACOM. All the compassain
215 hPa (notably those with DACOM) show results consistétit the comparisons shown
earlier (e.g., with MOZAIC) indicating a factor ef2 high bias in the MLS observations.
There is a notable lack of correlation between MLS and DACQ@Witihe 31 January 2005
PAVE and 1 May 2006 INTEX-B DC-8 flights. We note, however,tthaither flight was
targeting MLS validation and the coincidences are pooran flor other comparisons.
Drawing more quantitative conclusions is challenging. lircases x? statistics imply
no significant departs from a 1-1 relationship for the MLSadatt 147 hPa or lesser pressures.
Highly significant departures from a 1-1 relationship ami@¢ated for all the 215 hPa MLS
v2.2 CO comparisons, but no significant departures are seenthe individual linear fits.
These comparisons highlight the difficulties associatett @dmparing measurements with

disparate precisions and vastly different sampling volsiogng only a few data points.

5. Summary, conclusions and future plans

Version 2.2 of the MLS data processing algorithms produga@ CO profiles that are
scientifically useful in the upper troposphere / lower stsghere at pressures of 215 hPa and
smaller. However, in the case of the 215 hPa CO product, teerebd factor o2 high bias
compared to other observations needs to be borne in mindstadées generally limited to
considerations of morphology only. The vertical resolatfor the & product is~2.5km,

with ~4 km for CO. The cross-track horizontal resolution for botbqucts is~6 km and
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along-track is~100-350 km for @, and~500-600 km for CO. Individual profiles (spaced
~165km along the MLS track) have a typical precision in the L bf 20—40 ppbv for @
and 15—-40ppbv for CO. When using MLS data in scientific stsidiare must be taken to
screen the data according to the rules given in SectionL/2gey et al.2007].

The expected resolution, precision and accuracy of the M8 @; and CO data are
summarized in Table 1. The accuracy to be used in scientifaiest is given by the bias
uncertainty plus the value times the scaling uncertaintye dverall error bar to use for a point
is this accuracy plus the precision as scaled accordingetatimber of points that go into a
given average.

Comparisons with expectations and other observationggliyneorroborate the scientific
usefulness of these products. The data show good agreement with expectations and
observations, broadly in line with the systematic errodgtabove. The most notable
anomaly is the significant (factor e§2) high bias in the MLS CO product at 215 hPa. This is
inconsistent with the systematic error budget describeékkiction 2.5 that estimated a possible
+40 ppbv,+30% bias. This clearly indicates limitations in our erroraqtification. This
disconnect may lie in the assumptions of linearity used engbantification of some of the
smaller error sources. The MLS radiance signatures in tipetugpoposphere generally exhibit
non-linear dependence on the atmospheric state. Thisvafuee the focus of future study.

The comparisons described here show no evidence for a btag INILS v2.2 Q at
215 hPa larger than15%. However, we note that comparisons with SAGE[devaux et al.
2007] and radiosondedipng et al, 2007] indicate a-20% high bias in MLS v2.2 @at

215hPa at mid and high latitudes, although comparisonsgvdbnd based LIDARJiang
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et al, 2007] show good agreement in this region. Given these thsagents we ascribe an
accuracy oft-20 ppbv andt:20% to the v2.2 MLS 215 hPaz0

The bias in the v2.2 MLS upper tropospheric CO data comparedhter observations
clearly needs further investigation. Further studies aeded to ascertain the nature of this
bias (absolute offset, scaling error etc.). More detail@thparisons with MOZAIC and other
satellite observations will yield more insight here. Urstanding the origin of the CO bias
and hopefully correcting it is an important goal for futuersions of the MLS data processing
algorithms. Planned research will also seek to extend te&ilsange of these data lower in

the troposphere, and further reduce the sensitivity toaromation by thick clouds. Table 1.
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Figure 1. (Top) sample radiances (shown in terms of brightness teatyne) from the MLS
240 GHz radiometer. Global average radiances from obsensabn 24 September 2004 are
shown for 8 selected tangent point altitudes ranging from5 km (purple) to~45 km (red).
The MLS signal is a combination of incoming radiance at festgies above (upper sideband,
upper x-axis) and below (lower sideband, lower x-axis) t88.860 GHz local oscillator. The
widths of the various MLS spectral channels are denoted éyntrizontal bars. The position
of O3, 00 and CO emission lines are noted. (Bottom) The average fieweth to these
radiances by the MLS version 2.2 retrieval algorithms. Sarnannels are not used in the
retrievals, and so are not in the lower panel (e.g., thosarat®43.5 GHz upper sideband

frequency).
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30°N region.



34

12

10
1
© I
& I ]
E r 1 ]
7 100 1 E
[%]
o 1
a 1
\
w
1000: 1 1 1 1 1 ]
-02 00 02 04 06 08 10 1.2
Kernel, Integrated kernel
FWHM / km
0 100 200 300 400 500 600
10 T I T T T T T
1
1
E \
o }
~ [ [/
()] L
> 100f !
[%]
ol
o Y
-~
-~
- 7 i \\ i
100 t / 1 } 1 . 3
-2 -1 0 1 2

Profile number

Figure 3. Two-dimensional (vertical and horizontal along-trackeeaging kernels for the
MLS v2.2 O3 data at the equator. Colored lines for each retrieval lesreh¢ted by the plus
signs) show the averaging kernels. The dashed black limksaite the resolution, determined
from the full width at half maximum (FWHM) of the averagingrkels, approximately scaled
into kilometers (top axes). (Top) Vertical averaging késnéwer axis, integrated in the hor-
izontal dimension for five along-track profiles) and resimnt The solid black line shows the
total integrated area under each kernel (lower axis); @ojtHorizontal averaging kernels
(integrated in the vertical dimension). The individual ilzontal averaging kernels, shown as
a function of retrieved profile (lower axis), are scaled ie fraxis direction such that a unit

change is equivalent to one decade in pressure.
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observations. The first two panels show the (first) possiltaleds, and (second) standard devia-
tion of the additional scatter, introduced by the variousifees of errors. Colored lines denote
the contributions due to uncertainties in: MLS radiomedincl spectral calibration (cyan), field
of view and antenna transmission efficiency (magenta) pwr{ted), spectroscopic databases
and forward model approximations (green), temperatureexetis (gold), other MLS products
(blue). Errors due to retrieval approximations are showigrey, and the typical impact of
cloud contamination is denoted by the black line. (Thirdgdathe root sum squares (RSS)
of all the possible biases (thin solid line), all the addigbscatters (thin broken line), and the
RSS sum of the two (thick solid line). (Fourth panel) the sgalincertainties introduced by
the various error sources (colors have the same meaning #seféirst two panels). The thick

black line shows the RSS scaling uncertainty.
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Figure 6. As Figure 5 except for UT/LS CO.
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and CO data in the UT/LS region.
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Figure 8. Zonal means (left hand axes) of MOZAIC (left panelg)ddd (right panels) CO data
for 2004 and 2005 (solid line plus grey shading indicatiragngiard deviation), compared to the
MLS zonal means shown in Figure 7 (points, with ‘error barglicating standard deviation).
The broken lines indicate the number of MOZAIC measuremémds formed the averages
(right hand axes). The ‘316 hPa’ MOZAIC data is an averagelldha measurements from
383-261 hPa, while the ‘215 hPa’ values are the 261 —177 hétage. Uncertainties on the
MOZAIC observations are 2 ppbv precision, 2% accuracy fey &d 5 ppbv precision, 5%

accuracy for CO.
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Figure 9. Histograms of all the MLS UT/LS @and CO data for-80 days (distributed across
seasons and years) in three latitude bins (tropics, mitl«is and polar regions). The light
grey histogram shows all the MLS data for which the ‘Statusdfis an even number and the
precision field is positive. The darker grey region showssthwalues meeting the ‘Quality’
and ‘Convergence’ screening described in section 2.2. Téekbines show the comparable

histogram for 2004 — 2005 MOZAIC data (renormalized veltycto fit the same scale).
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Figure 10. (Top) Maps of average v2.2 MLS CO at 147 hPa and 215 hPa froipehed 17 —
19 September 2004. (Bottom) Maps of the CO radiance metscried in the text for the

same period.
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Figure 11. Top: Comparison of average MLS radiances measured in reiminthe maps in
Figure 10 (black) with those in region B (cyan). Bottom: Bddimes show region A minus re-
gion B radiance differences when the signatures of contmenission and upper tropospheric
ozone have been removed as described in the text. Greersliogsthe same difference for
the fit to the measured radiances achieved by the v2.2 satvigue lines show the expected
shape of the CO contribution at these altitudes. The orandees lines show the difference in

measured radiances between the northern and southerra(ré@astern and western (orange)

halves of region B. In these cases no signature of CO is saée iifferences.
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Figure 12. Comparison of MLS v1.5 and v2.2{Qlata for 1 May 2006. The left hand plots
show data at 215 hPa, with 147 hPa data shown on the right.oph@w shows MLS v1.5 @
data as a function of latitude. Black points meet all the exuirey criteria given for v1.5 ©
data (ivesey et al[2005]). Blue points are those v1.53@oints where quality0.1 or status
was a non-zero even number, indicating cloud contamingpomts with negative precision
or odd values of status are completely neglected in all tpésts). The second row of plots
shows the equivalent for v2.2:Qwith the green points being those where quality2 or
convergence 1.8 (see Section 2.2, the statt@scriteria is not required for v2.2 data). The final
row of plots scatters the v2.2 data (y-axis) against v1.axp&) with black points indicating
data that was ‘good’ in both datasets, blue and green indgdtta marked bad by v1.5 and

v2.2, respectively, and orange symbols used for pointdiiilesh as ‘bad’ in both versions.
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Figure 13. As Figure 12 but for CO. Here the v1.5 screening criterion Waslity>0.05, the

v2.2 screening criteria are the same as fgr O
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Figure 14. Summary of all the MLS/DIAL LIDAR ozone comparisons. Eachalpoint
compares one MLS retrievedsQralue (y-axis) with an estimate from a least-squares fit to
INTEX-B LIDAR data. The error bars denote the MLS precisi@timates. Different colors
are used to denote different DC-8 flights, see Figure 20 ftailde The number of points (N),

correlation coefficient (r) and linear fit gradient (m) areoted for each panel.
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Figure 15. Summary of all MLS/WB-57 @ comparisons. Points are individual MLS;O

values (y-axis) compared to average nearby in situ obgensm{x-axis). Y-axis error bars

show the estimated precision of MLS;OX-axis error bars show the variability seen in the

WB-57 observations as described in the text. Differentiodienote different flights, as shown

on Figure 18. The solid line is the least-squares linear tihéodata, and the broken line shows

the one-to-one correlation line. The number of points ()relation coefficient (r) and linear

fit gradient (m) are quoted for each panel. In addition twonmalizedy? metrics are shown

one for a one-to-one correspondence, the other for therliitea
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Figure 16. As Figure 15 except comparing MLS CO with WB-57 Argus obstores. The

estimated absolute accuracy for Argus data is 2%, tracéal@®IDL standards.
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Figure 17. As Figure 15 comparing MLS CO to measurements from WB-57 Ak lAeasure-

ments during the Costa-Rica AVE campaign.
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Figure 18. Map showing all the WB-57/MLS coincidences during the AVEsgsions. Colors

are as used in Figures 15, 16 and 17.
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Figure 19. As for Figure 15 except comparing MLS CO to observations fltACOM on the
NASA DC-8. The large bias seen here is consistent with theidand ALIAS comparisons
at 215 hPa indicating a factor of 2 high bias. The colors usedhe different flight days are

described in Figure 20, except for Magenta which is for a 22daNTEX-B transfer flight.
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Figure 20. Maps showing the DC-8/MLS coincidences during the PAVE Xtpd INTEX-B

(lower) missions. Colors are as used in Figures 14 and 19.2Phdarch 2006 flight in the

INTEX-B campaign which was a transfer from Houston to NASMES is not shown.
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Tables

Table 1. Summary of MLS UT/LS @ (upper) and CO (lower) products

50

Resolutio®?  Precisior?

Bias

Scaling

Pressure uncertainty Comments
/ km / ppbv uncertainty
/ ppbv
MLS Q3 product
46 hPa and less — — — — See Froidevaux et al. (this issi
68 hPa 3x 200 +50 +50 +5%
100 hPa 3x 200 +40 +50 +5%
147 hPa 3x 200 +40 +20 +5%
215hPa 3x 200 +40 +20 +20%F
316 hPa — — — — Unsuitable for scientific use
1000-464 hPa — — — — Not retrieved
MLS CO product
46 hPa and less — — — — See Pumphrey et al. (this issu
68 hPa 4x 400 +10 +10 +30%
100 hPa 4x 500 +20 +20 +30%
147 hPa 4x 500 +20 +30 +30%
215hPa 5x 600 +20 +40 ~ +100%9 See text
316 hPa — — — — Unsuitable for scientific use

1000-464 hPa

Not retrieved

a\fertical x along-track. Cross-track resolution4s6 km

bPrecision on individual profiles

Indicated by comparisons with other observations desdiiibénis and other papers, rather

than from the predictions used for other levels, see texdli®eussion

dindicated by comparisons with other observations, rathan tfrom the predictions used

for other levels, see text for discussion



